Numerous previous studies have elucidated 2 surprising patterns of spliceosomal intron evolution in diverse eukaryotes over the past roughly 100 Myr. First, rates of recent intron gain in a wide variety of eukaryotic lineages have been surprisingly low, far too low to explain modern intron densities. Second, intron losses have outnumbered intron gains over a variety of lineages. For several reasons, land plants might be expected to have comparatively high rates of intron gain and thus to represent a possible exception to this pattern. However, we report several studies that indicate low rates of intron gain and an excess of intron losses over intron gains in a variety of plant lineages. We estimate that intron losses have outnumbered intron gains in recent evolution in Arabidopsis thaliana (roughly 12.6 times more losses than gains), Oryza sativa (9.8 times), the green alga Chlamydomonas reinhardtii (5.1 times), and the Bigelowiella natans nucleomorph, an enslaved green algal nucleus (2.8 times). We estimate that during recent evolution, A. thaliana and O. sativa have experienced very low rates of intron gain of around one gain per gene per 2.6-8.0 billion years. In addition, we compared 8,258 pairs of putatively orthologous A. thaliana-O. sativa genes. We found that 5.3% of introns in conserved coding regions are species-specific. Observed species-specific A. thaliana and O. sativa introns tend to be exact and to lie adjacent to each other along the gene, in a pattern suggesting mRNA-mediated intron loss. Our results underscore that low intron gain rates and intron number reduction are common features of recent eukaryotic evolution. This pattern implies that rates of intron creation were higher during earlier periods of evolution and further focuses attention on the causes of initial intron proliferation.
Spliceosomal introns are sequences that interrupt nuclear genes in eukaryotes and are removed from RNA transcripts by an intricate protein-RNA complex termed the spliceosome. Research into spliceosomal intron evolution has been extremely active recently (for recent reviews, see Rogozin et al. 2005; Jeffares et al. 2006; Rodríguez-Trelles et al. 2006; Roy and Gilbert 2006) . Spliceosomal introns are now confidently known to have been present and very likely numerous in the ancestor of extant eukaryotes (e.g., Nixon et al. 2002; Collins and Penny 2005; Russell et al. 2005; Slamovits and Keeling 2006) . Despite ongoing debate Roy et al. 2001; Kaessmann et al. 2002; Roy et al. 2002; de Souza 2003; Fedorov et al. 2003; Roy 2003; Vibranovski et al. 2005) , momentum has shifted in recent years toward the perspective that introns were absent in the common ancestor of prokaryotes (which lack spliceosomal introns) and eukaryotes and have arisen during the course of intron evolution (e.g., Cavalier-Smith 1985 , 1991 Stoltzfus et al. 1994; Logsdon 1998; Ruvinsky et al. 2005; Ruvinsky and Ward 2006; Whamond and Thornton 2006) . If so, this implies a huge amount of intron gain throughout the course of eukaryotic evolution. A wide variety of eukaryotic species, including some plants, animals, fungi, apicomplexans, and perhaps excavates, show averages of more than 5 introns per gene, implying at least hundreds of thousands of independent intron origin events (e.g., Belshaw and Bensasson 2006; Jeffares et al. 2006; Roy and Gilbert 2006) .
However, amassing studies of closely related species indicate that diverse eukaryotic lineages have experienced surprisingly few intron gains in the past tens to hundreds of millions of years. Separate studies in mammals, Cryptococcus fungi, and the apicomplexan genera Plasmodium and Theileria have in each case found less than a dozen total gains over tens of millions of years among thousands of genes Roy and Hartl 2006; Roy and Penny 2006a; Stajich and Dietrich 2006) . Another study of 30,000 genes in Caenorhabditis worms identified fewer than 60 intron gains in 100 Myr (Coghlan and Wolfe 2004; Roy and Penny 2006b ). All of these results equate to rates of intron gain of less than one gain per gene per 24 billion years (By) . No gains were found in approximately 50 Myr in 96 genes laterally transferred from prokaryotes to Entamoeba histolytica . The highest rate of recent intron gain yet observed in genome-wide ortholog comparisons was in Euascomycetous fungi, where one lineage experienced around 250 gains among 2,073 genes in around 200 Myr (Nielsen et al. 2004 ). However, even this ''high'' rate equates to only one gain per gene per 1.6 By. At this rate, to reach high intron densities of !5 introns per gene (found in a variety of modern species) would require 8 By, nearly twice the age of the earth and perhaps 3-5 times the time since the ancestor of extant eukaryotes. Thus, recent intron gains are surprisingly rare.
In addition, intron losses have been found to outnumber intron gains in most studies of closely related species, including mammals, Caenorhabditis nematodes, Plasmodium, and Cryptococcus fungi (Robertson 1998; Roy et al. 2003; Cho et al. 2004; Kiontke et al. 2004; . The only known exception is again Euascomycetous fungi, which show a rough balance between intron loss and intron gain (Nielsen et al. 2004) . Clearly, if a lineage experiences more intron loss than gain, it cannot accumulate introns. Thus, the large numbers of introns in many modern eukaryote lineages poses a dual puzzle.
Until recently, patterns of intron gain and loss in plants had remained relatively unexplored. A recent study reported a relatively high rate of intron gain, and around 50% more gains than losses, in recent segmentally duplicated pairs of Arabidopsis thaliana genes (Knowles and McLysaght 2006) . Interestingly, the opposite pattern, of much more loss than gain, was found in a similar study of Oryza sativa (Lin et al. 2006) . In addition, a recent study of the Bigelowiella natans nucleomorph (NM), an enslaved green algal nucleus, showed large-scale intron conservation over long evolutionary distances within green algae and between green algae and A. thaliana (Gilson et al. 2006 ).
We studied rates and mode of intron evolution in green plants. We first compared 8,258 pairs of putatively orthologous genes between A. thaliana and O. sativa. In all, 94.7% (26,901/28,449) of intron positions in conserved coding regions were shared between the 2 species, with roughly equal numbers of introns specific to A. thaliana (793) and O. sativa (755). The implied rate of divergence is higher than that found in analogous pairwise comparisons for a variety of taxa but lower than that found in Caenorhabditis worms and diptera (Kent and Zahler 2000; Rogozin et al. 2003; Roy et al. 2003; Roy and Hartl 2006; Stajich and Dietrich 2006) . We found that 95.9% of species-specific introns are not associated with an adjacent coding indel, thus intron loss and gain primarily occur by exact processes. Species-specific introns tend to fall adjacent to each other along the length of the gene. These last 2 patterns are consistent with intron loss occurring by recombination with reverse transcribed copies of spliced mRNAs.
We also explored rates of intron loss and gain in various plant lineages. We studied the 56 introns previously reported to have been recently gained in A. thaliana gene duplicates (Knowles and McLysaght 2006) . We find that the vast majority (49/56) of these introns are present in O. sativa and/or Lycopersicon esculentum and thus are very likely to represent intron losses and not gains. These results suggest low rates of intron gain, and 12.6 times as many intron losses as gains, in A. thaliana. This is similar to a previous estimate of 9.8 times as many intron losses as gains in O. sativa (Lin et al. 2006) . Finally, we estimate numbers of intron losses and gains in green algae and find roughly 5.1 times as many losses as gains in Chlamydomonas reinhardii and 2.8 times as many losses as gains in the B. natans NM, the vestige of an enslaved algal nucleus.
These results establish the primacy of intron loss in 4 independent and diverse plant lineages, suggesting a general tendency in plants. We discuss the importance of these findings in light of previous results and implications for intron evolution across eukaryotes.
Methods
Comparison between Genes from A. thaliana, C. reinhardii, and B. natans NM Gilson et al. (2006) previously identified 44 highly conserved gene trios between A. thaliana, Chlamydomonas reinhardtii, and the B. natans NM, a highly reduced green algal nucleus. The genes were aligned and patterns of intron position conservation/divergence between the 3 species reported. See Gilson et al. (2006) for complete details.
Comparison between A. thaliana and O. sativa Genes We downloaded annotations of the A. thaliana and O. sativa genomes from National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov). Reciprocal BlastP searches between the predicted proteomes yielded 8,258 pairs of putatively orthologous gene pairs. Each protein sequence pair was then aligned in ClustalW using default parameters, and intron positions were mapped onto the resultant alignments. We then identified conserved coding regions as previously described (Roy and Hartl 2006) . Briefly, for each intron position, we determined whether the 15 aligned amino acids in both directions (not counting gapped positions) showed at least 50% amino acid identity. However, species-specific intron positions that fell opposite to a gap of 6 or more amino acids in the other species were excluded, as such cases are easily explained as mispredicted introns (i.e., either the intron is in fact exonic or the sequence opposite the gap in fact represents an intron). Alignments were then analyzed by eye, which confirmed that the vast majority of individual discordant introns indeed fell in conserved alignment regions.
Confirmed species-specific introns were then analyzed by eye to determine whether there was an alignment gap associated with the intron position. In the vast majority of cases, there was a clear lack of any adjacent gap. In a few cases, an alignment gap was found near (within 4 amino acids) but not directly adjacent to the intron position. In such cases in which the intervening aligned amino acids (i.e., between the intron position and the alignment gap) showed sequence identity, we concluded that the intron insertion/ deletion was exact and that a second mutation had independently created the coding sequence indel. In 11 other cases in which the intervening alignment region did not show coding sequence identity, it is difficult to determine whether the coding sequence indel could have arose from the same event as the intron insertion/deletion. Given the small total number of loss/gain events with associated indels, we included such cases as indels in order to provide an upper bound on the number of loss/gain events with associated coding indels.
We studied O. Sativa-A. thaliana ortholog pairs with at least one shared intron position and with multiple introns specific to the same species, in order to determine whether the species-specific introns tended to lie adjacent to each other along the gene. Following Roy and Gilbert (2005a) , for each such case we determined whether the unshared introns all lay adjacent to each other relative to the shared introns and calculated the probability of such all-adjacent loss assuming random choice of unshared introns from among all intron positions (e.g., random loss of introns). In general, given s shared introns and l species-specific introns, assuming random loss, the probability that all l introns are adjacent along the gene (i.e., without intervening shared introns) is s11 s1l s : Summing over these probabilities for all genes gives the probability distribution for seeing a given number of genes with all unshared introns adjacent. See Roy and Gilbert (2005a) for further details.
Analysis of Intron Loss/Gain in A. thaliana Paralogs
We extracted pairs of segmentally duplicated gene pairs in A. thaliana from the supplemental materials from Knowles and McLysaght (2006) . We aligned each gene pair to confirm the position of the putatively gained intron. We performed BlastP searches of each reported intron-gaining gene against the predicted O. sativa proteome and determined presence/absence of an intron at the exact position in close homologs (with phase conserved). We also determined intron presence in 2 cases in which the O. sativa ortholog had an intron in the same phase within 2 codons in the alignment in a region of poor alignment. In the remaining cases, to identify potential orthologous gene sequences missed in the predictions, we performed TBlastN searches against the O. sativa genome and analyzed clearly homologous sequence for evidence of a gap at the intron position. Although, as discussed below, TBlastN-based methods are expected to sometimes favor intronless paralogs (and thus falsely conclude intron absence), they are not expected to introduce artifactual intronlike gaps, and thus, these methods are conservative to a conclusion of intron loss. In these cases, we confirmed the presence of a gap flanked by the classic GT and AG intron boundaries in the O. sativa sequence at the intron position, as well as the presence of frameshifts and/or stop codons in the putatively intronic sequence. For the remaining 10 cases, we performed analogous TBlastN searches against available L. esculentum BAC ends (http://www.sgn.cornell.edu/tools/blast/). Overall, in 3 cases, subject genomic sequence homologous to only one of the 2 flanking exons could be recovered; however, the presence of one boundary (GT or AG) at the appropriate position as well as nearby in-frame stop codons strongly suggested intron presence.
Results

Patterns of Intron Conservation and Divergence between A. thaliana and O. sativa
We studied 8,258 putatively orthologous gene pairs between A. thaliana and O. sativa. Among 28,449 intron positions in regions of conserved coding alignment, 94.7% (26, 901) were shared between species. Among the 5.3% of species-specific introns, roughly equal numbers were found in A. thaliana (793) and O. sativa (755; P . 0.1 by a chisquare homogeneity test). Given the high rate of retroposition in some plants, some of these predicted genes might in fact represent intronless retroposed paralogs or pseudogenes, which might inflate the fraction of species-specific introns. However, excluding gene pairs containing one or more intronless genes produced similar results (4.6% species-specific intron positions; 649 and 671 in A. thaliana and O. sativa, respectively).
Previous studies that have identified large numbers of intron loss/gain events have excluded intron positions near gaps in the alignment and therefore have not been able to address on a large scale whether intron losses and gains are associated with deletion/insertion of adjacent coding sequence. By contrast, we retained introns near alignment gaps. We found that the vast majority (95.9%, 1,484/1,548) were clear cases of exact intron insertion/deletion. The patterns of sequence insertion/deletion in the 64 putatively nonexact intron losses/gains varied. In 16 cases, the introncontaining gene had between 1 and 5 extra flanking codons. In 33 cases, the intron-lacking gene had between 1 and 5 extra flankingcodons. Intheremaining15cases,therewerebetween 6 and 30 extra codons in the intron-containing gene. Cases in which there were more than 5 extra codons in the intronlacking gene are difficult to distinguish from annotation errors (see Methods) and therefore were excluded from the analysis.
Our methods may tend to undercount cases in which much (but not all) of an intron as well as some adjacent coding sequence is deleted, leading to intron loss. In such cases, the remaining formerly intronic but now coding sequence will be aligned with coding sequence homologous to the deleted coding sequence. Because these aligned sequences are not homologous, they will likely not align well, and thus such cases may not pass our criteria for ''conserved regions.'' On the other hand, our methods likely incorrectly identify some exact changes as inexact. First, in some cases, there is a gap near the intron position, and the few (1-4) amino acids directly flanking the intron position do not align well. We have called such cases inexact intron loss/gains; however, they could also reflect 2 independent events, an exact intron loss/gain as well as a coding sequence indel. There were 11 such cases. Despite these caveats, we can conclude that exact deletions far outnumber near-exact deletions, by perhaps 20-to-1.
We also studied orthologous gene pairs with multiple introns that were specific to the same species to determine whether such introns tended to fall adjacent to one another. In 178 cases, the conserved regions of the gene had at least 1 intron that was shared between species as well as at least 2 introns that were specific to the same species. The observed number of cases in which the species-specific introns were all adjacent to each other along the gene (without intervening shared introns), 93/178, was greater than the expected 56.4 (see Methods). The probability of seeing 93 or more cases of all-adjacent intron loss assuming random loss is 2.4 3 10 À10 . Thus, unshared introns tend to be adjacent, in a pattern consistent with concerted loss of adjacent introns via recombination with reverse transcribed copy of a spliced mRNA (e.g., .
Interestingly, introns specific to A. thaliana and O. sativa show different patterns with respect to phase. Introns specific to O. sativa show a similar phase distribution (58.2% in phase 0, 19.0% in phase 1, 22.8% in phase 2) to introns shared between A. thaliana and O. sativa (60.0%, 18.6%, and 21.4%, respectively). By contrast, A. thaliana-specific introns show a smaller fraction of phase 0 introns (48.9%), and larger fraction introns of phase 1 (23.9%) and phase 2 (27.2%), a pattern which is significant at the P , 10 À5 level by a chi-square test. Because other current data suggest that most species-specific introns are attributable to intron loss, the lower fraction of A. thaliana introns that fall in phase 0 likely reflects a lower rate of loss of phase 0 introns. This is in contrast to other studies showing equal rates of loss of introns of different phases (e.g., Nielsen et al. 2004) or lower rates of loss of phase 0 introns (e.g., Roy and Gilbert 2005a) or higher rates of loss of phase 1 introns (e.g., .
Intron Loss-Dominated Evolution in Plants
Applying previous methods (Nielsen et al. 2004; Gilbert 2005a, 2005b) , we analyzed the pattern of intron conservation in 44 genes previously identified as conserved between A. thaliana, the green alga C. reinhardtii, and the highly reduced, green alga-derived NM of B. natans, reported by Gilson et al. (2006, Fig. 3c ; the number of studied genes is small owing to the very small total number of genes in the B. natans NM). We estimated intron losses and gains in the 44 genes in C. reinhardtii and the B. natans NM since the species' divergence. We estimated a total of 103 intron losses and 29 intron gains, or 3.8 intron losses per gain. The numbers of intron gains and losses are different at the P , 10 À10 level by a chi-square homogeneity test. There were 5.1 losses per gain in C. reinhardtii and 2.8 losses per gain in the B. natans NM (table 1) . Interestingly, the ancestor of C. reinhardtii and the B. natans NM is estimated to have had more introns in the studied regions than A. thaliana.
We also studied 56 introns previously reported to be gained in A. thaliana genes after a large-scale segmental genome duplication 20-60 Mya (Knowles and McLysaght 2006) . For each gene containing a reported intron gain, we searched homologous genes among annotated genes from the O. sativa genome. We found introns at the exactly homologous position as the A. thaliana intron in 45/56 cases, indicating that these reported recent intron gains instead represent cases of recent intron loss ( fig. 1 gives an example) . Because the A. thaliana-O. sativa divergence predates the gene duplication, intron presence in O. sativa indicates that an intron is instead ancestral and has been lost in 1 copy since the duplication (Knowles and McLysaght 2006) . Searches of available L. esculentum genome sequence identified corresponding introns for an additional 3 cases, and thus at least 48/56 of the reported gains instead reflect intron losses.
What of the alternative possibility that cases in which an intron position shared between one A. thaliana copy One intron is present in one A. thaliana gene duplicate (AT1G02800) but not the other (AT4G02290) and was previously reported to have been gained since the gene duplication (Knowles and McLysaght 2006) . However, the intron is present in the putatively orthologous O. sativa gene (B1011A07.20) and thus instead represents an intron loss. Gray boxes indicate intron positions. and the outgroup are due to multiple intron insertions in the same position rather than a single loss? (so-called ''parallel insertion''; Tarrío et al. 2003; Sverdlov et al. 2005) . As discussed below, there are roughly 46 intron gains in 2,563 pairs of A. thaliana gene duplicates, so the chance that a duplicate pair experiences an intron gain is around 0.018. Also as discussed below, rates of intron gain in O. sativa are around 0.00013 per gene per My, so the chance that the corresponding O. sativa gene experiences an intron gain in the ;150-200 My. because the A. thaliana-O. sativa divergence is roughly 0.013 to 0.026. Intron gains have been reported to be preferentially gained between MAG and GT nucleotides (Qiu et al. 2004; , in which case as few as 1/2 3 (1/4) 4 5 1/512 coding sites may represent possible insertion sites. In this case, the chance that 2 introns that insert into homologous genes would insert into the same site would be around 1/10 (assuming an average gene length of 5 kb). The chance that a given gene would have experienced a parallel insertion would therefore be around 0.018 3 0.026 3 0.1 5 4.6 3 10 À5 , or an expected 0.12 cases of parallel insertion out of 2,563 genes. Although clearly quite rough, this calculation is conservative in 2 important ways: 1) introns may not strictly insert only into MAG|GT, thus the number of sites may be larger; 2) differences in coding sequences between homologous gene copies implies differences in intron insertion sites, reducing the chance of parallel insertion. Thus, unless intron insertions are much more biased in their insertional preferences than is currently appreciated, it seems quite unlikely that parallel insertion is a major contributor to the patterns observed here.
In addition, we studied the case of a reported intron creation event in the Tch3 gene. The A. thaliana Tch3 gene contains an internal exon duplication, such that the second and third exons are homologous. Expressed sequence tag (EST)/cDNA sequence indicates that the gene is alternatively spliced, with one form containing only a single copy of the duplicated sequence ( fig. 2) . The A. thaliana genome predictions indicate that this shorter form includes the 5# end of exon 2 and the 3# end of exon 3, implying that a new pair of internal splice sites is being utilized. However, alignment of the 5# ends of exons 2 and 3 with several of the purportedly supporting cDNAs clearly indicates that the cDNAs contain the 5# end of exon 3. The shorter form thus simply reflects a classical exon skipping of exon 2, not a new intron-splicing site. Thus, this case appears to reflect an annotation error and not a newly created intron or intron splice site.
Together with the 39 losses identified by the previous authors, this yields at least 88 characterized intron losses and no more than 7 intron gains, or some 12.6 intron losses per gain (the number of losses and gains are different at the P , 10 À10 level by a chi-square homogeneity test). A recent study of tandemly duplicated O. sativa genes showed 49 intron losses but only 5 intron gains (Lin et al. 2006) or 9.8 losses per gain. Thus, for all studied plant lineages, there was a clear excess of intron losses over intron gains (table 1) .
Difficulties Associated with Using TBlastN to Distinguish between Intron Loss and Gain
We report here that many of the introns previously reported by Knowles and McLysaght (2006) to have been gained in recently duplicated A. thaliana genes instead have corresponding introns in O. sativa and/or L. esculentum and are thus much more likely due to loss. The previous authors performed TBlastN searches of flanking coding sequences against genomic sequences and evaluated the presence/ absence of a gap in the alignment at the intron position in the top Blast hit, as well as other hits with e values within 10 À5 of the top hit. However, as Blast ranks hit not by percent identity but by e value, an intronless paralog (or pseudogene) may yield a longer and thus more significant hit than a true intron-containing ortholog. Figure 3 shows an example. In this case, the most significant TBlastN hit against the O. sativa genome has 66% amino acid identity and lacks the intron in question (at position 39 in the query sequence; fig. 3A ). However, a trio of adjacent hits with less significant e values show higher percent identity (72-84%) and indicate the presence of the intron at position 39 as well as an additional intron (at position 82), which is shared between both of the A. thaliana duplicates. A reciprocal BlastP search of the predicted O. sativa proteome identified the second hit as the likely ortholog, clearly indicating that the intron is ancestral.
Importantly, the methods of the original authors seemed at first to be completely sound (and in fact would likely be highly successful in species with lower rates of retroposition), and only further exploration of the data uncovered the problem. However, the present results show   FIG. 2. -Alternative TCH3 transcript reflects an exon-skipping event. (A) The TCH3 gene of A. thaliana gene produces transcripts that either contain both of 2 duplicated sequences (2a/b and 3a/b, respectively; ''Long form'') or only a single copy. The shorter isoform (''Predicted'') is annotated in the A. thaliana genome as including the upstream portion of exon 2 and the downstream portion of exon 3. However, comparison with short-form cDNAs indicates that the short form instead contains all of exon 3 and no sequence from exon 2. (B) Alignment of the relevant section of a short-form cDNA with regions 2a and 3a indicates that the short form includes 3a, not 2a. Note that at all positions at which 2a and 3a differ (bold), the cDNA reflects 3a, not 2a.
that of the 84 introns present in O. sativa, the TBlastNbased method failed to identify the O. sativa intron in 52% (45) of cases. These results are thus an important example of the complexities involved in inferring orthology and serve as a cautionary note for determining intron presence/absence from genomic data.
Mechanisms of Intron Gain
We studied 2 introns in O. sativa reported by Lin et al. (2006) to show sequence similarity to introns from other O. sativa genes as well as to multiple loci across the genome. In one case (Os12g02840.1), the intron was reported to show suggestive sequence similarity to the intron of a transposable element protein. However, we found that the region of homology extended well beyond the boundaries of the intron, including flanking exonic sequence (fig. 4) . Thus, the sequence similarity between the introns appears to reflect partial genomic gene duplication (and gene fusion), not the simple origin of one intron from the other. In the second case, as the original authors point out, only a fraction of the intron shows sequence similarity to repetitive genomic elements. In the case of intron formation by a repetitive element, (nearly) the entire intron sequence is expected to be homologous to the repetitive element. The origins of all 5 reported intron gains in O. sativa thus remain mysterious.
Discussion
We studied intron loss and gain in a variety of plants. We report 3 major results: 1) the level of intron loss/gain divergence between O. sativa and A. thaliana is approximately 5.3%; 2) intron losses outnumber intron gains along all studied lineages; and 3) rates of intron gain in A. thaliana and O. sativa are very low, less than roughly one intron gain per gene per 2.6 By.
Degree of Intron Divergence between A. thaliana and O. sativa
We find that 5.3% of intron positions in conserved regions of putatively orthologous gene pairs are present in only one species between A. thaliana and O. sativa, diverged around 150-200 Mya. This estimate is likely upwardly biased, because assignment of orthology in plants is difficult owing to frequent large-scale duplications in plants, and some of the gene pairs may therefore represent gene duplications predating the speciation event. However, it can still be confidently concluded that the degree of divergence is lower than that previously found in Caenorhabditis (roughly 15% species-specific introns over ;100 Myr; Kent and Zahler 2000) and diptera (roughly 62% species-specific introns between Anopheles gambiae and Drosophila melanogaster over ;250 Myr; Rogozin et al. 2003) A trio of less significant hits has higher percent identity. Difference in frame between the first (À1) and second (À3) hits indicates a frameshift, suggesting an intron. The presence of in-frame stop codons in the sequence between the second and third hits also suggests that the intervening sequence is intronic (not shown). Knowles and McLysaght 2006) . Particularly, given the likely upward bias on the current estimates, this could reflect an actual biological difference (perhaps threefold to eightfold) in rates of intron loss and gain between orthologous and paralogous gene pairs. Alternatively, these differences could reflect slight differences in the methods used, misestimation of divergence times, or heterogeneity of divergence times (e.g., unrecognized paralogs in our study or inclusion of older duplicate pairs in the previous studies), and this issue requires further exploration.
More Intron Loss than Gain in Plants
One of the major surprises arising from analysis of eukaryotic genome sequences has been a high degree of intron loss along a wide variety of eukaryotic lineages. Both diptera and Caenorhabditis appear to have lost at least 75% of ancestral bilateran introns (Banyai and Patthy 2004; Raible et al. 2005; Roy and Gilbert 2005c) . S. pombe has lost some 85% of the introns present in the fungus-animal ancestor (Roy and Gilbert 2005c) . A greater incidence of intron loss than gain has been found in mammals, Caenorhabditis, diptera, Schizosaccharomyces pombe, and Plasmodium (Rogozin et al. 2003; Roy et al. 2003; Cho et al. 2004; Kiontke et al. 2004; Csurös 2005; Nguyen et al. 2005; Gilbert 2005b, 2005c; Roy and Hartl 2006) .
In a series of studies of intron evolution in diverse eukaryotes, the only terminal branch consistently found to be experiencing more intron gain than loss was the long branch leading from the plant-animal ancestor to A. thaliana (Rogozin et al. 2003; Csurös 2005; Nguyen et al. 2005; Gilbert 2005b, 2005c) . However, our results show that a wide variety of green plants from vascular plants to enslaved algae show an excess of intron loss over intron gain. The case of Cyanidioschyzon merolae, which has lost all but around 17 of its introns, is an even more striking case of intron number reduction in plants (Matsuzaki et al. 2004 ).
Two possible explanations for this apparent tension present themselves. A. thaliana might in fact contain more introns per gene on average than did the plantanimal ancestor, with a period of intron number increase in early plants predating the modern pattern of intron number reduction in plants as found here across diverse lineages. Alternatively, the previous finding of intron number increase in A. thaliana could be incorrect. The methods employed to estimate intron numbers in the plant-animal ancestor all make various assumptions. One possibly key assumption of these methods is that all introns have the same chance of being lost, which appears at least in some cases to not be true (Krzywinski and Besansky 2002; Kiontke et al. 2004; Roy SW, Hartl DL, and Penny D, unpublished data) . In contrast to the relatively short lineages studied here, the lineage leading from the plant-animal ancestor to A. thaliana is very long. If, as with several other phylogenetic methods, the ancestral intron estimation methods have particular difficulty with accuracy in cases of long branches, the previous conclusion of intron increase in A. thaliana might be less accurate than conclusions from studies of closely related species, which would be expected to suffer less from problems associated with long branches.
If this suggestion is accurate, and the present results of quite general intron number reduction in plants extend back to the plant-animal ancestor, this would imply that the plant-animal ancestor had an intron density higher than modern green plants, and thus higher than vertebrates (because conserved coding regions between A. thaliana and Homo sapiens show roughly equal intron numbers in both species; Rogozin et al. 2003) . This would indicate that the plant-animal ancestor had a higher intron density than any known modern species. Depending on deep eukaryotic phylogeny (e.g., Simpson and Roger 2002) , this could imply that the eukaryotic ancestor harbored more introns per gene than any known modern species, indicating net intron loss in all characterized eukaryotes. Regardless of phylogeny, FIG. 4 .-Similarity of a recently gained O. sativa intron to an intron in another gene extends to flanking exons. As previously reported (Lin et al. 2006) , an apparently recently gained intron of O. sativa gene Os12g02840.1 (top) shows 82% sequence similarity to an intron of a Ty1-copia retrotransposon protein (bottom, Os06g36500.1). However, the sequence similarity extends to both flanking exons, suggesting that the Ty1-copia gene arose by genomic fusion of other sequences with Os12g02840 or one of its many duplicates.
such a result would indicate net intron loss in all known plant, animal, fungi, and amoebozoa lineages because of the plant-animal ancestor, still a striking conclusion. More study is clearly necessary to resolve this issue.
Low Rate of Intron Gain in Plants
Plants might be expected to experience relatively high rates of intron gain, for 5 reasons. First, many land plants have very high numbers of mobile elements, which are likely to be important for intron gain (Crick 1979; Hickey 1982; Cavalier-Smith 1985; Hickey and Benkel 1986; Hickey et al. 1989; Roy 2004) . Second, the only clearly documented cases of a new intron origin (as well as other suggestive cases) are found in land plants, perhaps in part reflecting a higher potential for intron gain (Giroux et al. 1994; Iwamoto et al. 1998) . Third, as mentioned above, in a series of previous analyses, the one studied plant lineage was the only terminal lineage agreed by all analyses to have experienced an excess of intron gain over loss (Rogozin et al. 2003; Csurös 2005; Nguyen et al. 2005; Gilbert 2005b, 2005c) . Fourth, many land plants have long generation times and therefore might experience much weaker selection against the inefficiencies associated with introns (Doolittle 1978; Jeffares et al. 2006) . Fifth, effective population sizes of some land plants appear to be small relative to most other lineages (Lynch and Conery 2003) , and thus if new intron insertions are slightly deleterious, they might be expected to accumulate more rapidly in plants (Lynch 2002) .
Instead, observed rates of gain are quite low. In 284 O. sativa gene pairs roughly duplicated 70 Mya, Lin et al. (2006) found only 5 intron gains, corresponding to 0.00013 intron gains per gene per Myr, or one gain per gene per 8.0 By. Among 578 nonconserved introns among 2,563 A. thaliana gene pairs duplicated some 20-60 Mya, no more than 8% (7/95) for which gain/loss has been determined are intron losses, suggesting around 46 or fewer total intron gains. In all, 46 intron gains in 2,563 gene pairs over 20-60 Myr correspond to 0.00013-0.00039 intron gains per gene per Myr, or one gain per gene per 2.6-7.8 By.
Divergence Time Uncertainty and Intron Gain Rate Estimates
Estimating rates of molecular evolution necessarily depends on estimated dates of divergence between compared entities, and these dates are themselves uncertain. However, although the estimated intron gain rates reported here are unlikely to be particularly exact, the central conclusion of surprisingly low rates of intron gain are very likely to be robust to such concerns. In the case of the analyzed O. sativa gene duplicates, assuming the reported time of segmental duplication of 70 Mya gives an estimated rate of intron gain of one gain per gene per 8.0 By. Thus, even in the unlikely event that this time estimate is off by a factor of 5, rates of intron gain in O. sativa would still be within the range of previously studied lineages (equaling the approximately one gain per gene per 1.6 By reported in Euascomycetous fungi). For the A. thaliana duplicates, estimated times of duplication range threefold from 20-60 Myr. To be conservative, we have assumed the most recent reported time of 20 Myr, yielding a rate of intron gain of one gain per gene per 2.6 By. However, even if this low bound overestimated the divergence time by a factor of 2, rates of intron gain in A. thaliana would still be comparable to previously reported rates in Euascomycetous fungi.
More generally, estimating genetic events and speciation events is notoriously difficult, and conclusions such as those drawn here about intron gain rates are thus necessarily inexact. In the present case, the question is whether modern rates of intron gain can explain modern intron densities of upward of 5 introns per gene in a variety of lineages. As discussed below, even the highest rates of recent intron gain ever estimated are nearly an order of magnitude too low to reach modern intron densities within eukaryotic history, and rate estimates for most studied lineages are multiple orders of magnitude too low. Therefore, systematic error in estimation of divergence times is very unlikely to explain the observed low rates of intron gain.
Rates of Intron Gain and Eukaryotic Evolution
The observed rates of intron gain in plants are far too low to explain modern intron densities or estimated ancestral intron densities. For instance, at observed rates (one gain per 2.6-8.0 By), it would require at least 7.8 By to reach an intron density of 3 intron gene, a moderate density among modern eukaryotes and a conservative estimate of density in the plant-animal ancestor (see Methods; Csurös 2005; Nguyen et al. 2005) . These results echo previous results in a variety of diverse eukaryotic lineages.
Some previous studies have found that rates of intron gain estimated over much longer timescales might be sufficient to explain ancestral intron numbers at constant gain rate from the origin of the earth (e.g., Csurös 2005) . However, debate over these estimates continues (Nguyen et al. 2005; Gilbert 2005b, 2005c ), and we think that studies of closely related species are more likely to give accurate estimates due to the decreased lack of potential for multiple intron gain or intron loss at a given site (e.g., Csurös 2005; Gilbert 2005b, 2005c) .
That rates of intron gain sufficient to explain modern intron numbers have never been observed in genome-wide comparisons of closely related species, even in species such as plants, which are expected to be particularly receptive to intron gains, suggests that this pattern may extend across (nearly) all modern eukaryotic lineages. On the other hand, the presence of numerous introns at unique (apparently nonancestral) positions in worms (Logsdon 1998; Guiliano et al. 2002; Rogozin et al. 2003 ) and the urochordate Oiklpleura dioica (Seo et al. 2001; Edvardsen et al. 2004) suggests that rare episodes of more frequent intron gain have occurred within the past billion years, at least in animals. Future work should focus on the history of intron gain in nematodes and urochordates to try to better understand the timing and factors associated with the exceptional rates of intron gain experienced at some point in the history of these lineages.
Implications for Intron Origin
These and previous results demonstrating low rates of intron gain through eukaryotic evolution are not predicted by either of the prevailing models of intron origin, the ''introns-late'' and ''introns-early'' perspectives. The most well-formulated current incarnation of the introns-late perspective holds that the spliceosome and spliceosomal introns arose more or less gradually from type II introns transferred to the ancestral eukaryotic nucleus from the mitochondrion, with new introns arising from transposition of existing introns (Cavalier-Smith 1991; Stoltzfus 1999; Lynch and Richardson 2002) . However, this view does not offer a clear explanation for why spliceosome and spliceosomal intron creation would be largely restricted to early/ preeukaryotic evolution (i.e., Collins and Penny 2005) .
Similarly, the current ''mixed'' variant of the intronsearly hypothesis also postulates that a majority of modern introns have been inserted throughout the course of eukaryotic evolution, in tension with findings of generally low rates of gain across modern eukaryotes (de Souza et al. 1998; Roy et al. 2001 Roy et al. , 2002 Fedorov et al. 2003; Vibranovski et al. 2005; reviewed in de Souza 2003; Roy 2003) . This model is also hard to reconcile with the recent finding that ribosomal genes transferred to the eukaryotic nucleus from the mitochondria (which lack spliceosomal introns) exhibit a density of introns similar to that found in nuclear ribosomal genes (Yoshihama et al. 2006) .
What is needed is a model that can explain both the creation of a large number of introns at some point in evolution and the apparent dramatic subsequent decrease in rates of intron creation. Introns-early postulates that introns facilitate the creation of new genes, which would predict a large number of introns at the time of gene creation relative to later intron insertions. However, as noted above, this cannot explain the large number of introns in genes laterally transferred from prokaryotes (Wolf et al. 2001; Yoshihama et al. 2006) .
Assuming spliceosomal descent from type II introns, various proposed or imaginable events could explain the eventual decrease in rates of intron creation. Martin and Koonin (2006) have recently proposed that the nucleus postdates the emergence of spliceosomal introns, in which case the eventual separation of translation and transcription could have led to a crash in the rates of intron transposition. A second possibility is that the advent of RNAi and similar genome-defense mechanisms in early eukaryotic evolution could have led to a dramatic decline in rates of intron creation.
The greater mystery is why vigorous type II-like intron proliferation would be (nearly) confined to early eukaryotic evolution. Though occasional instances in which one fully functioning type II intron is responsible for the splicing of a second intron are often heralded as a precursor to a spliceosomal system, such instances are still very different from the eukaryotic system, in which the introns have quasirandom sequences and the machinery responsible for intron removal is composed of multiple RNAs and hundreds of proteins (e.g., Jarrell et al. 1988) . Lynch and Richardson (2002) suggested that a postulated crash in population size in the ancestor of eukaryotes drove the transformation from type II to spliceosomal introns by a series of neutral and slightly deleterious mutations. However, this leaves unexplained: 1) why no similar system arose in eukaryotic endosymbionts, which have smaller effective population sizes than corresponding nuclei; 2) how a small population produced the presumably large number of positively selected mutations over a possibly short timescale; and 3) why introns have not continued to proliferate aggressively in various lineages with small effective populations (e.g., Roy et al. 2003; Lin et al. 2006; Roy and Hartl 2006) . Clearly, the 2 most likely periods of intron proliferation (early/preeukarotic evolution and the RNA/RNA-protein world) were associated with large numbers of genetic and cellular changes. However, which of these changes are responsible for the rise of introns is unknown and requires further exploration. In our opinion, a central requirement of such a theory should be that it explains both the proliferation of introns (type II or otherwise) only at very specific periods in evolution and the subsequent dramatic decrease in rates of intron proliferation.
Conclusions
We have shown that rates of intron gain in recent plant evolution have been surprisingly low and that intron losses have outnumbered intron gains. Rates of intron loss/gain divergence between A. thaliana and O. sativa are much higher than previously estimated for several groups, though lower than previously estimated for paralogous gene pairs within the same species and for orthologous pairs in Caenorhabditis nematodes.
